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The  ar ti cle  con tains  a  nu mer i cal  anal y sis  of  the  sec ond ary  ra di a tion  con tri bu tion  to  the  to tal
ra di a tion af fect ing the op er a tional per son nel dur ing the dis man tling ac tiv i ties of the con tam i -
nated equip  ment at a nu  clear power plant. This study con  sid  ers a widely ap  pli  ca  ble Monte
Carlo par  ti  cle trans  port code MCNPX and real Ignalina nu  clear power plant re  cords. A sim  -
pli fied albedo method is in ves ti gated in or  der to ana lyse the se lected geo met ri cal de sign cases.
Ad  di  tion  ally, the im  pact of the sec  ond  ary ra  di  a  tion on the per  son  nel dose was ana  lysed. The
nu mer i cal  MCNPX  sim u la tion  al lowed  as cer tain ing  the  op ti mal  dis tance  be tween  the  source
and the wall for the work  ing per  son  nel in closed rooms with con  tam  i  nated equip  ment. The
de vel oped  dose  rate  maps  of  the  sec ond ary  ra di a tion  showed  cross-sec tional  dis tri bu tion  of
the dose rate in  side the en  closed area.
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IN TRO DUC TION
The eval  u  a  tion of safety for the planned de  com  -
mis sion ing  ac tiv i ties,  in clud ing  the  cal cu la tion  of  ef -
fec  tive doses for the most ex  posed in  di  vid  u  als per  -
form  ing the work in the most haz  ard  ous ar  eas of the
nu clear  in stal la tion,  be longs  to  the  stan dard  ac tiv i ties
in  the  se lec tion  of  the  op ti mal  de com mis sion ing  sce -
nario. Ac  cord  ing to the IAEA meth  od  ol  ogy for the
eval u a tion  of  safety-re lated  pa ram e ters  [1],  the  ex po -
sure of peo ple and the re lease of ra dio ac tive ma te rial is 
per formed    for  dif fer ent    de com mis sion ing    ac tiv i ties,
i.  e.  the hands-on de com mis sion ing  ac tiv i ties;  work  at
ra dio ac tive  waste  pro cess ing  fa cil i ties;  and  pe ri od i cal
sup port ing ac tiv i ties (sur veil lance, main te nance, tech -
ni cal  sup port).
From the point of view of dose eval  u  a  tion, the
crit i cal  de com mis sion ing  ac tiv i ties  are  the  dis man -
tling  ac tiv i ties  where  the  work ing  per son nel  are
closely pres  ent to the con  tam  i  nated equip  ment. In the
dis man  tling stage of any nu clear fa cil ity, it is es sen tial
to take into ac count the ra di a tion ef fect on the work ing
per  son  nel and equip  ment in  side the fa  cil  ity. A con  sid  -
er  able ex  po  sure can oc  cur within rel  a  tively short pe  -
riod of time. Be  cause it is im  pos  si  ble to com  pletely
avoid the un wanted ex po sure of per son nel, it is, there -
fore, rea son able to limit the amount of ra di a tion lev els
in the work  ing ar  eas. Dur  ing the dis  man  tling op  er  a  -
tions, the equip  ment will be cut, opened and in  com  -
pletely iso lated. Hence, it is not very clear how gamma
ra di a tion, neu trons and their as so ci ated dose rates will
af  fect the work  ing per  son  nel, es  pe  cially in the places
where the equip  ment is dis  man  tled.
It should be rec og nized that the work ing per son -
nel is ex posed in dif fer ent ways in ac cor dance with the
type of work they per  form. The work  ing per  son  nel
who  di rectly  per form  the  dis man tling  ac tiv i ties  is  the
most ex posed to the dose rate of the dis man tled equip -
ment  (di rect  ra di a tion).  For  oth ers,  the  av er age  dose
rate in the room is dom i nant. The dose rate in the back -
ground of the con  trolled area is a very im  por  tant com -
po  nent, and is caused by the ra  di  a  tion re  flec  tion as
well. Thus, the un cer tain ties in the dose es ti ma tion can 
arise from the fact that the ra di a tion re flec tion, i. e. the
par ti  cle scat ter ing, can be gen er ated by the floor, roof,
walls or other ob jects, and make a sig nif i cant con tri bu -
tion to the to  tal dose rate. Such sec  ond  ary ra  di  a  tion
may oc  cur in lo  ca  tions highly iso  lated from the pri  -
mary  ra di a tion  ar eas.
In  or der  to  ex e cute  the  de com mis sion ing  eco -
nom i cally  and  ra tio nally,  the  en gi neer ing  sys tems  are
be ing de vel oped to cre ate a dis man tling plan us ing the
state-of-the-art soft  ware. For in stance, the de  com  mis  -
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*  Cor re spond ing au thor;  e-mail:  gediminas@mail.lei.ltsion ing  en gi neer ing  sup port  sys tem  OMEGA  [2],
VISIPLAN [3] and VRdose [4] are aimed at the sim  u  -
la tion and plan ning of the dis man tling work in an en vi -
ron ment  with  the  pres ence  of  ra dio ac tiv ity.  Al though
such  en gi neer ing  sys tems  pro vide  com pre hen sive  (all
types  of  ra di a tion  are  con sid ered  dur ing  dose  eval u a -
tion, in  clud  ing the sec  ond  ary ones) and de  tailed (real
pre mises  and  con tam i nated  ob jects  are  mod elled)  re -
sults, the de vel op ment of such soft ware and in put data
prep  a  ra  tion pro  cess are very long and ex  pen  sive. On
the other hand, the inhomogeneous neu  tron-gamma
field sim  u  la  tions are very time-con  sum  ing in or  der to
ob tain  re li able  re sults,  be cause  they  re quire  han dling
com plex  ge om e tries  and  ra di a tion  sources  [5].
An  other field where the in  ves  ti  ga  tion and de  ter  -
mi na tion of dose caused by the sec ond ary ra di a tion are 
es pe cially  rel e vant  is  ra dio ther apy.  The  sec ond ary  ra -
di a tion (brems strah lung, neu trons, scat tered elec trons, 
etc.) can cre  ate high dose rates over large ar  eas of the
ac cel er a tor  work place.  In  [6]  a  com pre hen sive  guid -
ance on the de sign and lay out of ra dio ther apy fa cil i ties 
and  meth ods  for  de ter min ing  the  nec es sary  struc tural
shield  ing for ex  ter  nal beam units is pre  sented, in  clud  -
ing the ex  am ples of ba  sic shield  ing equa tions ap  pli ca  -
tion for all types of ra  di  a  tion. In the sit  u  a  tions where
the bar  rier be  ing as  sessed will be ex  posed to both the
pri  mary and sec  ond  ary ra  di  a  tion, it should not be as  -
sumed that the pri  mary ra  di  a  tion com  po  nent will al  -
ways dom  i  nate [7]. Due to the re  flec  tion from a sur  -
face, ra  di  a  tion dose is an ex  am  ple that arises in the
treat  ment of stream  ing of ra  di  a  tion through ducts and
pas  sage  ways. In case of gamma par  ti  cles dis  per  sion
from a point-iso  tro  pic source in straight con  crete
ducts, it was found that the sec  ond  ary scat  tered ra  di  a  -
tion may play a sig nif i cant role (up to 30%) in re gard to 
the to  tal dose [8].
Thereby, it could be noted that in or  der to ob  tain
ac cu rate dose val ues, the sec ond ary ra di a tion needs to be
con  sid  ered. The aim of this ar  ti  cle is to quan  tify the im  -
pact of the sec  ond  ary ra  di  a  tion dose on the per  son  nel
dur ing the dis man tling of con tam i nated equip ment.  This
study makes use of real data of the Ignalina nu  clear
power plant (NPP) de  com  mis  sion  ing pro  ject, which is
the first pro  ject in Lith  u  a  nia de  signed for the de  com  mis  -
sion  ing of NPP and the first at  tempt to dis  man  tle equip  -
ment of a RBMK re ac tor world wide [9]. It should be rec -
og nized  that  the  en gi neer ing  sys tems  men tioned  above
and the as so ci ated soft ware could cal cu late the im pact of
the  sec ond ary  ra di a tion  rel a tively  easy.  How ever,  in
prac tice, es pe cially dur ing the pri mary es ti ma tion of per -
son  nel doses [10] and the prep  a  ra  tion of al  ter  na  tives for
de com mis sion ing  ac tiv i ties,  it  is  use ful  and  ad vis able  to
es ti mate the pro por tion of the sec ond ary ra di a tion, which 
con  trib  utes to the to  tal dose, be  fore  hand. Such knowl  -
edge al  lows pre  dict  ing the lo  ca  tion of a worker in the
room, and also pro  vides as  sur  ance for com  ply  ing with
the  reg u la tory  re quire ments  for  ac com plish ing  the  re -
quired work with the re  sul  tant worker ra  di  a  tion ex  po  -
sures main  tained as low as rea  son  ably achiev  able
(ALARA). 
THE O RET I CAL  BACK GROUND 
In some cases, if only air sep  a  rates a gamma ray
or neu tron source from a de tec tor (worker, tar get, etc.), 
the in  ter  ac  tions in the in  ter  ven  ing air or in the
ground/build  ing walls are of ten neg li gi  ble, and the ra  -
di a tion field at the de tec tor is due al most en tirely to the
ra  di  a  tion com ing di rectly from the source (di rect ra  di  -
a tion). If ra di a tion is pres ent in an at ten u at ing me dium, 
the dose D0 caused by the di rect ra di a tion at a dis tance
r from a point iso  tro  pic source emit  ting Sp  par ti cles
(source) of en  ergy E can be ex  pressed as
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where L is the to  tal num  ber of mean-free-path lengths
of  ma te rial,  and  C – the ap  pro  pri  ate re  sponse func  tion
(the fluence to dose con  ver  sion fac  tor) [11]. 
If one is deal  ing with shield  ing sit  u  a  tions and the
re  flec  tion is pres  ent, in many cases only scat  tered ra  di  a  -
tion may reach the de tec tor. Fre quently, the dose at some
lo ca tions  af fected  by  the  ra di a tion  re flected  from  walls
and floors may be com  pa  ra  ble to the dose caused by di  -
rect  ra di a tion.  Such  re flec tion  pro cesses  are  im pos si ble
to treat us ing el e men tary point-ker nel meth ods, and very
dif fi cult  and  in ef fi cient  to  treat  us ing  trans port  meth ods.
When gamma rays or neu  tron fluence is pres  ent in the
room, the par  ti  cles pen  e  trate the sur  face of a struc  tural
ma  te  rial (or shield  ing), scat  ter within the ma  te  rial, and
then leave the ma te rial with re duced en ergy and at a lo ca -
tion other than the point of en  try. Ra  di  a  tion re  flec  tion
may be de  scribed in terms of the ge  om  e  try shown in fig.
1 (mod  i  fied fig  ure from [11]).
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Fig ure  1.  An gu lar  re la tion ship  dur ing  re flec tion  [11]In such cases, a sim  pli  fied method, called the
albedo method, has come to be very use  ful in de  sign
and anal  y  sis. The albedo method is based on the fol  -
low ing ap prox i ma tions: (1) the dis place ment be tween
points of en  try and emer  gence may be ne  glected, (2)
the re  flect  ing me  dium is ef  fec  tively a half-space, a
con ser va tive  ap prox i ma tion,  and  (3)  scat ter ing  in  air
be  tween a source and the re  flect  ing sur  face and be  -
tween the re  flect  ing sur  face and the de  tec  tor may be
ne glected. For prac ti cal pur poses the dose albedo – the 
ra tio of the emer gent flow per steradian in dose units to 
that of the in  ci  dent ra  di  a  tion – is com  monly used
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where E0 is the source en ergy, q0 and q are po lar an gles
of in  ci  dence and re  flec  tion (with re  spect to the wall
nor mal),  j is the azimuthal shift of re  flec  tion flow;
J0(E0, q0) and Jr(E, q, j) are in  ci  dent and re  flected
flow, and C(E) is the fluence to dose con ver sion fac tor.
Then the dose dDr at the de  tec  tor from par  ti  cles
re  flected from area dA is
d
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where D0 is the dose at area dA due to the in ci dent par -
ti cles,  R – the dis  tance from area dA [11] to de  tec  tor.
The en tire re flect ing sur face area should be in te -
grated to cal  cu  late the to  tal re  flected dose Dr. This is
not easy to achieve since the lo ca tion on the sur face as
well as all the vari ables q0, q, j, r, and R change. Ad di -
tion ally, it is nec es sary to know the dose albedo aD(E0,
q0, q, j) or, more use fully, to have some an  a lyt  i cal ap -
prox i ma tion  for  the  aD so that the in  te  gra  tion over all
ar  eas can be per  formed ef  fi  ciently.
It is ev  i  dent that albedo de  pends on the source
en ergy  char ac ter is tics,  na ture  and  thick ness  of  the
struc  ture ma  te  rial, the dis  tance from the sur  face to the
de tec tor,  and  an gu lar  re la tion ships  dur ing  the  re flec -
tion on the sur  face. The albedo in  creases with the re  -
duc  tion of source en  ergy E0 due to an in  crease of
Compton scat ter ing (an in elas tic scat ter ing of a pho ton 
by a free charged par  ti  cle, usu  ally an elec  tron) [11].
The most part of back  scat  tered par  ti  cles are re  flected
in a thin near-sur  face layer. With an in  crease of thick  -
ness of the struc  ture ma  te  rial (dispersive) the por  tion
of  albedo  grad u ally  in creases  ac cord ing  the  e law.
Reach  ing 1-2 mean-free-path lengths in a spread  ing
di  rec  tion of pri  mary par  ti  cles, the albedo reaches a
con stant  value.
If an an  gle of in  ci  dence q0 in  creases, the albedo
rises for any di  rec  tions of the re  flected par  ti  cles, be  -
cause with an in crease of q0 the dis tance up to a re flect -
ing  sur face  for  the  back scat ter ing  par ti cles  de creases,
the an  gle of scat  ter  ing qS re  duces and the prob  a  bil  ity
of par ti cles es cap ing from the sur face in creases (fig. 2) 
[11, 12].
The albedo de  pend  ence on an  gle of re  flec  tion q
is de  fined by a com  pe  ti  tion of two pro  cesses. On one
hand, for the given an  gle of in  ci  dence q0 the prob  a  bil  -
ity of par ti  cles scat ter ing in creases with a re duc tion of
the an gle of scat ter ing qS (that con forms to an in crease
of an  gle of re  flec  tion q); on the other hand, the path
which par ti cles should pass to leave the dispersive ma -
te rial in creases in this case, and the prob a bil ity of their
ab  sorp  tion grows as well.
SIM U LA TION  MOD ELS  AND
METH OD OL OGY
In this study four cases were mod elled (see fig. 3
for more de  tails). The im  pact of the sec  ond  ary ra  di  a  -
tion to as  sess the albedo de  pend  ing on the dis  tance (r)
be  tween the source and the walls was ana  lysed for all
four cases. The o ret i cal ap proach was em ployed by the
first  two  sim u la tion  ge om e tries:
– the two-wall case with per  pen  dic  u  lar walls, com  -
pos  ing a semi-en  closed space. For this sit  u  a  tion,
sim u la tions  were  per formed  for  sev eral  dis tances
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Fig  ure 2. An  gle of a scat  tered par  ti  cle [13]
Fig  ure 3. Sim  u  la  tion cases: (A) two-wall case, (B) cube
case, (C) Ignalina NPP case with point-iso  tro  pic source,
and (D) real case of Ignalina NPPby mov ing one of the walls by 0.5 me ters from the
source up to the max i mum dis tance of 1.5 me ter in
the ana  lysed model, and
– the sec  ond set of cal  cu  la  tions were made us  ing a
cube ge  om  e  try for four dif  fer  ent side lengths a,
when the point source is sit  u  ated in the cen  tre of
the cube.
Next two sim  u  la  tions cases were em  ployed to
as  sess the dose rate to a worker de  pend  ing on the
worker  po si tion  R. 
Dis  man  tling of emer  gency core cool  ing sys  tem
(ECCS) in  stalled in the build  ing No 117/1 of Ignalina
NPP Unit 1 was used as a real ex  am  ple. Ignalina NPP
Unit 1 was shut  down in 2004. A de  ci  sion was taken to
de  com  mis  sion this Unit by means of im  me  di  ate dis  -
man  tling in or  der to en  sure that this pro  cess does not
lead to se  ri  ous so  cial, eco  nomic, fi  nan  cial and en  vi  -
ron men tal  con se quences.  Thus,  a  real  rect an gu lar
Ignalina NPP room (6 m × 3 m × 6 m) with con  crete
walls (thick ness 30 cm) with con tam i  nated equip  ment
ready for dis  man  tling in side was se  lected for the anal  -
y  sis of  the third and the fourth sim  u  la  tion cases. They
both dif fer in bound ary con  di  tions for source type and
ge om e try  in  the  room,  i.  e. the point-iso  tro  pic source
for the for  mer and the real case for con  tam  i  nated tank
with real length and ge om e try for the lat ter. The ge om -
e try of the sim u la tion ECCS tank has the fol low ing pa -
ram  e  ters: outer ra  dius – 40 cm, thick  ens of the pipe
wall – 10 cm, its height – 4 m. The source was placed
not in the cen  tre of the room and this, in gen  eral, re  -
flects the real con  di  tion of lo  ca  tion of the con  tam  i  -
nated  equip ment  dur ing  the  dis man tling  ac tiv i ties. 
The case sce  nario data taken from [14] were
used as gamma ra  di  a  tion source from in  ner sur  face of
the cyl  in  der. The ex  per  i  men  tal data, taken from the
per formed di rect mea sure ments of the sur face con tam -
i na tion,  in di cated  that  the  sur face  con tam i na tion  of
ECCS tank in ter nal sur face was up to 54 Bq/cm2 (max -
i mum val  ues at the bot  tom of the tank). The main con -
tri bu tion  to  the  to tal  ac tiv ity  was  in flu enced  by  60Co,
while the con tri bu tion of  54Mn and 137Cs radionuclide
ac  tiv  ity was low. Ta  ble 1 dem  on strates the gamma en -
ergy spec trum of the 60Co source used in the in ves ti ga -
tion and in MCNPX sim  u  la  tions to es  ti  mate the
gamma dose rate. The in  flu  ence of the source power
and type was not ex am ined in this study; thus, the same 
source char ac ter is tics  were  em ployed  dur ing  all sim u -
lated cases whether the point source or real tank source 
was  as sumed  dur ing  the  sim u la tions. 
Over the years, the use of the de  ter  min  is  tic-type
code has been over-shad  owed by the Monte
Carlo-based codes, such as multi-par  ti  cle trans  port
code  MCNPX.  Such  wide  ap pli ca tion  pos si bil i ties
dem on strated by the Monte Carlo code MCNPX 2.7.0
[16] were em ployed for the sim u la tion of the ra di a tion
fields  and  the  in ves ti ga tion  of  the  sec ond ary  ra di a tion
in this study. The gamma trans  port cal  cu  la  tions were
per  formed by MCNPX for all non-void ge  om  e  try
cells. The MCNPX does not di rectly cal cu late the dose 
rate; how  ever, it con  verts the es  ti  mated flux into dose
rate, where flux is de  fined as the num  ber of the in  te  -
grated par  ti  cles per unit area. The MCNPX mesh tally
Type 1 (track av  er  aged) was used as a par  ti  cle flux at
the point de  tec  tor fol  lowed by the mod  i  fi  ca  tion by a
dose func  tion to cal  cu  late gamma dose rate. The con  -
ver  sion fac  tors from IRCP-75 [17] for the am  bi  ent
dose  equiv a lent,  H*(10), from pho  ton fluence were
used in the cal  cu  la  tions ob  tained by the en  ergy and its
cor re spond ing  dose  func tion.  In  or der  to  eval u ate  the
gamma dose rate, as well as the con  tri  bu  tion of the
main radionuclides to the to  tal emit  ted ra  dio  ac  tiv  ity,
the nu  clear data li  brary ENDF/B-VII [18] was used
dur  ing the in  ves  ti  ga  tion. The Monte Carlo trans  port
code MCNPX can  not cal  cu  late the dose equiv  a  lent to
the sec ond ra di a tion di rectly as well. The way to cal cu -
late the dose equiv  a  lent is to cal  cu  late the dose rate
with the com  plete mod  elled ge  om  e  try first and sub  -
tract the val  ues from the un  bounded vol  ume (space)
un  der the con  sid  er  ation. Thus, this study in  cludes a
quan ti ta tive  as sess ment  of  the  sec ond ary  ra di a tion  in
rel a tive units, ex pressed as the dose albedo in per cent -
age of the to  tal ra  di  a  tion. The 3-D MCNPX model for
ba  sic ECCS tank room fa  cil  ity is pre  sented in fig. 4. 
SIM U LA TION  RE SULTS
Eval u a tion  of  the  sec ond ary  ra di a tion
Two-wall case
The  sec ond ary  ra di a tion  was  ana lysed  in  a
semi-en  closed space at first. This the  o  ret  i  cal case al  -
G. Stankunas, et al.:  Eval u a tion  of  the  Sec ond ary  Ra di a tion  Im pact  on  Per son nel  ...
Nu  clear Tech  nol  ogy & Ra  di  a  tion Pro  tec  tion: Year 2013, Vol. 28, No. 3, pp. 316-324 319
Table 1. Gamma lines and emission probabilities [15]
60Co
Gamma line, Eg [keV] Probability, Ig [%]
1173.237
1332.501
99.974
99.986
Fig  ure 4. MCNPX model for ECCS tank
(real case of Ignalina NPP)lows to quan  tify the dose albedo (here  in  af  ter albedo)
when the dis  tance to the re  flect  ing sur  face is in  creas  -
ing. Only one ver  ti  cal wall and a hor  i  zon  tal sur  face
(floor)  were  as sumed  dur ing  each  sep a rate  sim u la tion
case. Fig  ure 5 pres  ents the sim  u  la  tion re  sults of the
three ana  lysed cases. Note that the com  puter run  ning
time was cho sen for all cal  cu la  tions in such a way that
the  sta tis ti cal  er ror  of  Monte  Carlo  sim u la tion  re sults
was al  ways less than 10%. The sim  u  la  tion re  sults in
the fig  ure rep  re  sent the re  flec  tion from the floor sur  -
face only. It is ob  vi  ously that albedo de  pend  ence on
the dis  tance from the source to the sur  face r is lin  ear
and  pos  i  tive.  If  the  ver  ti  cal  wall  is  moved  for  ward
(a = 0.5 m, 1.0 m, 1.5 m) and the dis  tance r in  creases,
the amount of the re  flected par  ti  cles in  creases as well.
By ap  proach  ing the junc  tion point of both sur  faces,
the albedo achieves max i mal val ues. Such dis tri bu tion 
could be ex plained by the in crease of the in ci dence an -
gle and the con tri bu tion of the ver ti cal wall (cor ner ef -
fect). As it was men tioned above, the albedo in creases
for any di  rec  tions of the re  flected par  ti  cles, be  cause
with an in  crease of the in  ci  dence an  gle the an  gle of
scat ter ing  re duces  and  the  prob a bil ity  of  par ti cle  es -
cape from the wall rises. The max  i  mal val  ues of in  ci  -
dence an  gle for the mod  elled cases are 45°, 64°, 73°
ac  cord  ingly (fig. 5). Thus, even in a semi-en  closed
space the dose caused by the sec  ond  ary ra  di  a  tion may
com  pose up to (13-17)% of the to  tal ra  di  a  tion.
Cube case
The nu mer i cal mod el ling of the sec ond ary ra di a -
tion was car ried out in an en closed space, i. e. cubes of
dif fer  ent sizes. Four cubes with the side length of 1 m,
2 m, 3 m, and 5 m were sim u lated. In this case, a source
was placed in the cen tre of the cube. Fig ure 6 pres ents
the sim u la tion re sults show ing the dis tri bu tion of dose
albedo through  out the dis  tance from the source in the
mid  dle cross-sec  tion of the cube. Only 1/8 of the
cross-sec  tion area was ana  lysed be  cause of the sym  -
me  try of the cube model. The sim  u  la  tion re  sults con  -
firm the lin ear de pend ence of albedo on the dis tance to
the re flect ing sur face. The albedo could reach 20-24%
of the to  tal ra  di  a  tion in the cube case. It is clearly
shown that by in  creas  ing the vol  ume of a cube, the
max i mal val ues of albedo in crease and its de pend ence
on dis  tance r changes. In or  der to find a sim  ple and
con  ve  nient so  lu  tion as well as to get the pos  si  bil  ity to
quan tify the sec ond ary ra di a tion ef fect ap prox i mately, 
all the ob  tained sim  u  la  tion re  sults were de  scribed as a
func tion of the cube vol ume V [m3] and dis tance r [m].
The resumptive equa tion can be ex pressed as fol lows
Albedo i = -
- 50 15
0 31
r
V
. (4)
This  equa tion  de scribes  the  sim u la tion  re sults
within  av er age  rel a tive  dis crep ancy  less  than  5%. 
Ignalina NPP case with
point-iso tro pic  source
In this case a real rect an gu lar room (6 m × 3 m ×
´ 6 m) at Ignalina NPP was mod elled. The source point 
was lo cated at the level of 1.2 m from the floor and was
not placed in the cen  tre of the room (in x-y plane) and
this, in gen  eral, re  flects the real con  di  tion of the lo  ca  -
tion of the con  tam  i  nated equip  ment dur  ing the dis  -
man tling  ac tiv i ties.  Hence,  an  ap pro pri ate  cross-sec -
tion was se  lected for the anal  y  sis and the sec  ond  ary
ra  di  a  tion re  flected from the walls of the room. The
sim  u  la  tion re  sults for this case are pre  sented in fig. 7,
where albedos from all walls in the room for the se  -
lected cross-sec  tion area are shown. As it can be seen
in the fig  ure, albedo could reach 30-35% of the to  tal
ra di a tion for this par tic u lar case. All sim u la tion re sults 
could be de  scribed by some lin  ear curve, where the
albedo in  creases with the rise of the dis  tance ri
(source-to-wall). Sev eral points give higher val ues but 
it could be ex  plained by the above-men  tioned cor  ner
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Fig ure 5. Albedo in a semi-en closed space. Two-wall case
Fig  ure 6. Albedo de  pend  ence vs. dis  tance r. Cube case:
(1) vol  ume 1 m
3; (2) 8 m
3; (3) 27 m
3, (4) 125 m
3; and (5) ac  -
cord ing  for mula  (4)ef  fect. The albedo cal  cu  lated by for  mula (4) for this
par  tic  u  lar case of the room with 108 m3 vol  ume does
not suit the sim u la tion re sults be cause of the non-sym -
me try of the room and source lo ca tion (curve 2). To ac -
count for such non-sym  me  try, the cor  rec  tion co  ef  fi  -
cient ri/rmax – where rmax is max i mal dis tance from the
source to the wall of the cube with ap pro pri ate vol ume 
was pro  posed (see fig. 6). This cor  rec  tion co  ef  fi  cient
re flects  the  trans for ma tion  of  the  sym met ri cal  cube
model to the rect  an  gu  lar room and ac  counts for the
non-sym  me  try of the source po  si  tions in all x, y, z-di  -
rec  tions. For the room with vol  ume 108 m3, the dis  -
tance rmax is 3.37 m. There  fore, in this sim  u  lated rect  -
an  gu  lar room, albedo could be cal  cu  lated by the
fol low ing  for mula
Albedo i i = -
- 50 15
0 31
r
V
r
r .
max
(5)
As it is shown in fig. 7, albedo cal cu lated by for -
mula (5) de  scribes the sim  u  la  tion re  sults fairly ac  cu  -
rately since the av  er  age rel  a  tive dis  crep  ancy is less
than 7% (for all sim  u  la  tion points).
Real case of Ignalina NPP 
Dur ing the sim u la tion of the real case of Ignalina 
NPP (fig. 3), the dose caused by the sec  ond  ary ra  di  a  -
tion to a worker (de  tec  tor) stand  ing in dif  fer  ent dis  -
tances from the re  flec  tion wall R was quan  ti  fied (fig.
8) in four di rec tions (west/east/south/north). It was as -
sumed that a worker moves from the ap  pro  pri  ate wall
to the con  tam  i  nated ECCS tank (source) in a nor  mal
di  rec  tion to  wards the wall. Thus, R = 0 is the point on
the per pen dic u lar wall, and the max i mal value R rep re -
sents the close po  si  tion near the source. Hor  i  zon  tal
cross-sec tion at level 1.2 m was ana lysed in this case as 
here in be fore. 
As fig. 8 sug gests, the dose rate of the sec ond ary
ra di a tion  de creases  with  the  dis tance  R, and this de  -
pend  ence is quite lin  ear. The prin  ci  ple of ra  di  a  tion
pro  tec  tion states that in  creas  ing the dis  tance from the
source to the de  tec  tor re  duces the to  tal dose due to the
in  verse square law, see for  mula (3). Based on the
gained sim  u  la  tion re  sults, it is ev  i  dent that the dose
caused by the sec  ond  ary ra  di  a  tion could be ex  pressed
by the di  rect lin  ear law, if the re  flect  ing wall is ac  -
cessed as the source. The sim  u  la  tion re  sults in fig. 8
dem on strate that the re flec tion from the far thest wall is 
the most in  ten  sive, and the dose albedo could com  -
prise 35-45% of the to  tal ra  di  a  tion.
As sess ment  of  the  sec ond ary
ra di a tion  to  the  per son nel  dose
Most of the re  sid  ual nu  clei pro  duced via nu  clear
re ac tion  at nu clear  fa cil i ties are  un sta ble. In  or der  to  re -
turn to the sta  bil  ity, they sub  se  quently de  cay ei  ther via
al  pha, beta or gamma ray emis  sion. The pro  duc  tion of
the  sec ond ary  ra di a tion  usu ally  re sults  in  a  com plex
mix ture of ra di a tion, which can be prob lem atic to ra dio -
ac tiv ity  sen si tive  ma te rial  and  com po nents  and,  es pe -
cially,  work ing  per son nel.  There fore,  suf fi cient  steps
should be taken to  wards pre  vent  ing the over-ex  po  sure
of the per  son  nel. As it was shown, the part of the sec  -
ond ary ra di a tion in the to tal dose may ex ceed more than
1/3 in some cases.
The  ab so lute  val ues  for  the  sec ond ary  ra di a tion
dose rates for four dif fer ent di rec  tions from the source
to the walls are rep re sented in fig. 9. Since the con tam -
i  na  tion of the source at Ignalina NPP was not haz  ard  -
ously strong and the es  ti  ma  tion of dose rates does not
re quire  ex act  val ues,  the  sim u la tion  re sults  are  rep re -
sented in or  der of mag  ni  tudes. Here, the most im  por  -
tant is the com par i son of the sec ond ary dose rate trend
in the de  pend  ency of the dis  tance from the source on
the edge of the mod  elled room. The re  sults of these
cal  cu  la  tions could be used to de  ter  mine the op  ti  mal
dis tance be tween the source and the wall to achieve as
low  (ALARA  prin ci ple)  ra di a tion  from  the  con tam i -
nated ob  ject as pos  si  ble tak  ing into ac  count the sec  -
ond  ary ra  di  a  tion from the walls of the room as well. It
is not dif  fi  cult to no  tice (see fig. 9) that the sec  ond  ary
ra  di  a  tion is neg  li  gi  ble at the short dis  tances from the
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Fig ure 7. Albedo de pend ence vs. dis tance r. Ignalina NPP
case with point source: (1)  sim u la tion  data,  (2)  ac cord ing
to for  mula (4), and (3) ac  cord  ing to for  mula (5) 
Fig  ure 8. Dose albedo vs. dis  tance R in dif  fer  ent
di  rec  tions. Real case of Ignalina NPPsource, but it rises to wards the walls where it be comes
sig nif i cant  in  com par i son  to  the  pri mary  ra di a tion.
There fore, one can as sume that the op ti  mal dis tance is
2/3 of the to  tal dis  tance from the source and 1/3 ac  -
cord  ingly from the walls. This po  si  tion can be clearly
seen in fig. 9, where the curve rep re sent ing the pri mary 
ra di a tion  starts  to  sep a rate  from  the  to tal  ra di a tion
curve. This ra tio of the dis tance is suit able for the most
ana lysed  cases.
Fig  ure 10 rep  re  sents the dose rate map of the
sim  u  lated Ignalina NPP room (real case of Ignalina
NPP), where the dis  man  tling ac  tiv  i  ties of ECCS tank
are per  formed. These sit  u  a  tions are im  por  tant for the
mon i tor ing  and  plan ning  of  man power  dis po si tions
around the con tam i nated ob ject when the source is un -
shielded, or if a worker needs to en ter the room to per -
form  de con tam i na tion  or  other  ac tiv i ties.  In  this  way,
per son nel could es cape ex ces sive ex plo sion and at the
same time, the shield  ing ar  range  ments could be prop  -
erly set to re duce the sec ond ary gamma ac ti va tion near 
the walls and cor  ner re  gions. 
CON CLUD ING  DIS CUS SIONS
Nu mer i cal  cal cu la tions  were  per formed  to  eval -
u  ate the im  pact of the sec  ond  ary ra  di  a  tion to the per  -
sonal dur ing the dis man tling ac tiv i ties of the con tam i -
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Fig  ure 9. Com  par  i  son of dose rates; im  pact of scat  ter  ing ir  ra  di  a  tion (real case of Ignalina NPP)
Fig  ure 10. Dose rate map of sec ond  ary ra  di  a  tion (in %):
real case of Ignalina NPnated equip  ment at a nu  clear power plant. This study
em  ploys a world  wide-ac  cepted Monte Carlo par  ti  cle
trans port code MCNPX and fac tual Ignalina NPP data. 
The re  sults in  di  cated that dose albedo is di  rectly pro  -
por  tional to the dis  tance from the source and it can
reach up to 40% of the to  tal ra  di  a  tion for par  tic  u  lar
cases. This con cludes that the sec ond ary ra di a tion can -
not be ne glected  while plan ning  de com mis sion ing  ac -
tiv  i  ties in closed rooms. Based on the re  sults ob  tained
by the mod  el  ling cubes with var  i  ous vol  umes, a for  -
mula  which  sim ply  de fines  the  sec ond ary  ra di a tion  as
a func  tion of a cube vol  ume and the dis  tance from the
source was de  rived. In ad  di  tion, the es  ti  mated cor  rec  -
tion co ef fi cient al lowed ap ply ing the de rived equa tion
for the de ter mi na tion of the sec ond ary ra di a tion at fac -
tual rect  an  gu  lar pre  mises at Ignalina NPP, where the
source was sit  u  ated else  where than the cen  tre. This
equa tion can de scribe the sim u la tion re sults with 4-7% 
av er age rel a tive dis crep ancy. How ever, this in ves ti ga -
tion was lim ited only to the mod el ling of one non-sym -
met ri cal  room  (i.  e. real case of Ignalina NPP), con  se  -
quently, the de  rived equa  tion with its cor  rec  tion
co ef fi cients  is  ap pli ca ble  only  for  this  par tic u lar  case.
To  suc ceed  a  uni ver sal  equa tion,  ad di tional  com pre -
hen sive  in ves ti ga tion  is  re quired  in  the  fu ture.
Fur  ther  more, the pa  per also car  ried out an as  -
sess ment of the sec ond ary ra di a tion to per son nel dose.
A nu mer i cal Monte Carlo sim u la tion al lowed iden ti fy -
ing the op  ti  mal dis  tance from the source and the wall
for the work  ing per  son  nel in closed pre  mises with
con tam i nated  equip ment  in side.  Dif fer ently  from  the
albedo study re  sults, the es  ti  mated ra  tio of the dis  -
tances can be suc  cess  fully ap  plied for all cases ana  -
lysed in this study and it can be treated as a gen eral ap -
proach. The dose rate maps of the sec  ond  ary ra  di  a  tion
ap peared to be valu able and will be used to ob serve the 
cross-sec  tional dis  tri  bu  tion of the dose rate in  side the
en  closed area by the NPP Safety De  part  ment to limit
the  amount  of  un nec es sary  ex posed  ra di a tion  to  the
op er at ing  per son nel. 
AU THOR  CON TRI BU TIONS
The  the o ret i cal  anal y sis  was  car ried  out  by  R.
Pabarcius and mod  el  ling was car  ried out by G.
Stankunas and A. Tonkunas. All au  thors ana  lysed and
dis  cussed the re  sults. The manu  script was writ  ten by
R. Pabarcius, G. Stankunas, and R. Urbonas and the
fig  ures were pre  pared by R. Pabarcius and G.
Stankunas.
REF ER ENCES
[1] ***,  Safety  As sess ment  for  the  De com mis sion ing  of
Fa cil i ties  Us ing  Ra dio ac tive  Ma te rial,  Safety  Guide
WS-G-5.2, In  ter  na  tional Atomic En  ergy Agency, Vi  -
enna, 2008
[2] ***,  In no va tive  and  Adap tive  Tech nol o gies  in  De -
com mis sion ing  of  Nu clear  Fa cil i ties,  IAEA-TEC-
DOC-1602, In ter na tional Atomic En ergy Agency, Vi -
enna, 2008
[3] Vermeersch, F., Van Bosstraeten, C., Soft  ware
VISIPLAN: A Powerfull Tool for Op  ti  mi  za  tion, Pro  -
ceed ings 2
nd  Eu ro pean  Work shop  on  Oc cu pa tional
Ex  po  sure Man  age  ment at NPPS, Tarragona, Spain,
April 5-7, 2000
[4] Iguchi, R. Y., et al.,  De vel op ment  of  De com mis sion -
ing En  gi  neer  ing Sup  port Sys  tem (DEXUS) of the
Fugen Nu  clear Power Sta  tion, J. of Nu  clear Sci  ence
and  Tech nol ogy,  41 (2004), 3, pp. 367-375
[5] Markovi}, V. M., et al.,  Pho  ton Albedo for Wa  ter,
Con crete, and Iron at Nor mal In ci dence, and De pend -
ence on the Thick  ness of Re  flect  ing Ma  te  rial, Nucl
Technol Radiat, 28 (2013), 1, pp. 36-44
[6] ***, Ra di a tion  Pro tec tion  in the De sign of Ra dio ther -
apy Fa  cil  i  ties, Safety Re  port Se  ries No. 47, In  ter  na  -
tional Atomic En  ergy Agency, Vi  enna, 2006
[7] ***,  Ra di a tion  Shield ing  for  Di ag nos tic  X-Rays,
(Eds. D. G. Sutton, J. R. Wil  liams), Re  port of a joint
BIR/IPEM work ing party,  Brit ish In sti tute of Ra di ol -
ogy, Lon  don, 2000
[8] ***,  The  De sign  of  Di ag nos tic  Med i cal  Fa cil i ties
where Ion is ing Ra di a tion is Used, A Code of Prac tice,
RPII  09/01,  Ra dio log i cal  Pro tec tion  In sti tute  of  Ire -
land, Dub  lin, 2009
[9] Sirvydas A., et al.,  Ap pli ca tion  of  Multi-Cri te ria
Anal  y  sis for Se  lect  ing the Ignalina NPP Unit V1
Equip ment Dis man tling Ap proach (I), Energetika, 57
(2011), 4, pp.195-206
[10] Stankunas, G., Tonkunas, A., Pabarcius, R., Eval  u  a  -
tion and Benchmarking of Gamma Dose Rate Em  -
ploy ing  Dif fer ent  Nu clear  Data  Li brar ies  for  MCNP
Code at the De  com mis  sion  ing Stage of Ignalina NPP,
Nukleonika, 56 (2011), 1, pp. 71-76
[11] Shultis, J. K., Faw, R. E., Ra di a tion Shield ing and Ra -
dio log i cal  Pro tec tion,  in:  Hand book  of  Nu clear  En gi -
neer  ing (Ed. D. G. Cacuci),  Springer, New York,
USA, 2010, pp. 1313-1449
[12] Pe{i}, M. P, Es  ti  ma  tion of Doses Re  ceived by Op  er  a  -
tors in the 1958 RB Re  ac  tor Ac  ci  dent Us  ing the
MCNP5  Com puter  Code  Sim u la tion,  Nucl Technol
Radiat, 27 (2012), 3, pp. 199-221
[13] Bespalov, V. I., Lec  tures on Ra  di  a  tion Pro  tec  tion:
Text book,  3
rd ed., Tomsk Poly  tech  nic Uni  ver  sity,
Tomsk, 2011
[14] ***,  Ra dio log i cal  Sur vey  of  Build ing  117/1.  Ap pen -
dix  6,  Tech ni cal  Spec i fi ca tion  for  INPP  Build ing
117/1 D&D Pro  ject De  vel  op  ment, Ignalina Nu  clear
Power Plant, Ignalina, Lith  u  a  nia, 2006
[15] Tuli, J. K., Nu  clear Data Sheets for A = 60, Nucl Data
Sheets, 100 (2003), 3, pp. 347-481
[16] McKinney, et al, MCNPX 2.7.X - New Fea  tures Be  -
ing  De vel oped,  LA-UR-09-6788,  Pro ceed ings,
IEEE/NSS Con  fer  ence, Or  lando, Fla., USA, Oc  to  ber
25-31, 2009
[17] ***,  Gen eral  Prin ci ples  for  the  Ra di a tion  Pro tec tion
of  Work ers,  ICRP  Pub li ca tion  75,  Ann. ICRP 27
(1997), 1
[18] Chadwick, M. B., et al., ENDF/B-VII.0: Next Gen  er -
a tion Eval u ated Nu clear Data Li brary for Nu clear Sci -
ence and Tech  nol  ogy, Nucl Data Sheets, 107 (2006),
12, pp. 2931-3060
Re  ceived on Feb  ru  ary 28, 2013
Ac  cepted on Sep  tem  ber 6, 2013
G. Stankunas, et al.:  Eval u a tion  of  the  Sec ond ary  Ra di a tion  Im pact  on  Per son nel  ...
Nu  clear Tech  nol  ogy & Ra  di  a  tion Pro  tec  tion: Year 2013, Vol. 28, No. 3, pp. 316-324 323G. Stankunas, et al.:  Eval u a tion  of  the  Sec ond ary  Ra di a tion  Im pact  on  Personnel  ...
324 Nu  clear Tech  nol  ogy & Ra  di  a  tion Pro  tec  tion: Year 2013, Vol. 28, No. 3, pp. 316-324
Gediminas STANKUNAS, Aurimas TONKUNAS,
Rajmondas PABAR^IJUS, Rolandas URBONAS
PROCENA  UTICAJA  SEKUNDARNOG  ZRA^EWA  NA  RADNO  OSOBQE
TOKOM  RASTAVQAWA  KONTAMINIRANE  NUKLEARNE  OPREME
Ovaj rad sadr`i numeri~ku analizu doprinosa sekundarnog zra~ewa ukupnom zra~ewu
koje deluje na radno osobqe tokom rastavqawa kontaminirane opreme u nuklearnoj elektrani. U
radu su kori{}eni op{te prihva}en Monte Karlo programski paket MCNPX za trans port ~estica
i pravi podaci iz nuklearne elektrane Ignalina. Primewena je pojednostavqena albedo metoda
kako bi se analizirala izabrana geometrijska re{ewa. Tako|e, analiziran je uticaj sekundarnog
zra~ewa na dozu za osobqe. Numeri~ka simulacija MCNPX programom omogu}ila je utvr|ivawe
optimalnog rastojawa izme|u izvora i zida za radno osobqe u zatvorenim prostorijama sa
kontaminiranom opremom. Na~iwene mape ja~ine doze usled sekundarnog zra~ewa pokazuju
raspodelu ja~ine doze u zavisnosti od nuklearnih preseka unutar zatvorene prostorije.
Kqu~ne re~i: sekundarno zra~ewe, albedo, doza, rastavqawe reaktora, Monte Karlo metoda